Ray analysis can be very useful when the uncollided or "direct" contribution of a neutral source to a response of interest is desired. MCNP provides a ray analysis capability through the "no transport" or NOTRN feature, which calculates only uncollided contributions (direct from the source) to point-detector tallies. In this paper, the NOTRN capability is extended to provide uncollided contributions to surface and cell tallies. The user interface is unchanged; brief changes to the MCNP documentation are presented. Two verification problems are presented (one is analytic; the other is a comparison with PARTISN) and the capability is shown to be more efficient than the special tally treatment that tallies by the number of collisions. Six subroutines were modified.
I. Introduction
Ray analysis can be very powerful and useful when the uncollided or "direct" contribution of a neutral source to a response of interest is desired. 1 The MCNP Monte Carlo code 2 provides a ray analysis capability through the "no transport" or NOTRN feature, which calculates only uncollided contributions (direct from the source) to point-detector tallies.
When the NOTRN capability is invoked, no surface or cell tallies are made. This need not be the case. It is also useful to compute the uncollided contributions to surface and cell tallies. 3, 4 In this paper, we document the source code modifications that were implemented to allow MCNP to compute uncollided surface and cell tallies quite easily in the MCNP6 initial release 5 
(MCNP6_Beta1).
It is possible to obtain uncollided surface and cell tallies in MCNP using a special tally treatment to tally by the number of collisions. It is demonstrated in this paper that the NOTRN capability can provide uncollided results much more efficiently.
The theory and method are presented in the next section. Changes in the NOTRN user interface and the MCNP documentation are presented in Sec. III. Two verification problems are presented in Sec. IV. The source code modifications are detailed in Sec. V.
II. Theory and Method
Let the particle source density at a point in space be denoted ) , ( Ω r q . The cell containing the source is a homogenous material with macroscopic cross section Σ. The uncollided particle density along a ray in direction Ω a distance s from the source point (i.e., the uncollided density that is due to the source) is 
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If the ray crosses a surface S a distance t from the source point along the ray, then the uncollided density on the surface due to a source at r along the ray Ω is . In Monte Carlo parlance, q and n 0 correspond to the particle source weight and the uncollided weight crossing a surface. In either case, the uncollided weight crossing the next surface, w, should be the source weight or surface-crossing weight w 0 (equal to q or n 0 ) multiplied by the attenuation along the track length, The contribution of the track to a track-length uncollided flux tally in the cell is found by integrating Eq. (1), and its analog for the surface-crossing density, along the entire track, from s = 0 to s = t. Again using w 0 to represent the source density or uncollided surface-crossing density, as appropriate, the uncollided density integrated along the track is This simple analysis makes it clear how to compute uncollided surface or cell tallies in a Monte Carlo code. Start particles but do not let them have collisions. Instead, they travel from source to surface, then surface to surface, and at each surface their weight decreases by the attenuation along the distance they have traveled since the last surface [Eq. (4) ]. This weight adjustment is sufficient for surface flux and current tallies. For cell flux tallies, score the weight entering times the distance along the track, as normal, if the cell is a void [Eq. (7)]; otherwise, score the weight entering multiplied by
[Eq. (6) ].
This strategy has been implemented in the MCNP6 subroutine hstory. The track length is always set to the distance to the next surface, dls. Before the call to tally for cell tallies, if Σ ≠ 0, the track length is set to
; it is set back to dls on returning. Before processing the particle through the next surface, the weight is attenuated according to Eq. (4).
Note that pseudoparticles are still created and tracked as usual for any point detectors.
III. User Interface and Documentation
The user interface for the new NOTRN functionality is the same as for the old except that a fatal error has been added if a pulse-height (F8) tally or a mesh tally is requested (except MCNPX type 4 mesh tallies).
The documentation has to change only slightly. NOTRN is discussed in Vol. II of the manual, Chap. 3, Sec. IV.H. The "card type" there, in Table 3 .11, and in Appendix A should be "Direct-Only Neutral Particle Tally Contributions." The paragraph describing the NOTRN card should be:
"When the NOTRN card appears in the INP file, no transport (scattering) of the neutral source particles takes place. Only the direct neutral particle source contributions to all point detector, surface, and cell tallies are made. This card is especially useful for doing a faster calculation to generate the direct tally. NOTRN is not legal in a continue run, and neither pulse-height tallies nor mesh tallies (except MCNPX type 4) are allowed with NOTRN." 
IV. Verification
The uncollided surface and cell tally patch was tested using computational test objects with two materials, high-enriched uranium (HEU) and stainless steel (SS) 304. The density and composition of these materials are given in Table I . For the HEU density and composition given in Table I , the volumetric production rate 6 of the four principal lines of uranium are given in Table II and the macroscopic cross sections 7 for both materials are given in Table III . These cross sections do not include coherent scattering.
The first test problem involves an isotropic point source of strength q irradiating a disk of radius R centered a distance z from the source in a purely absorbing material with macroscopic cross section Σ. The total flux on the surface of the disk is
is the angular flux on the disk and
is the minimum cosine (maximum angle) needed to subtend the disk from the source. The total current crossing the disk is 
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is given by Eq. (8) . The total flux in the volume between the source and the disk is
is given by Eq. (10) . Note that the derivation of Eq. (11) takes advantage of the fact that μ min is a constant for all of the disks in the volume between 0 and z.
The point source is 5 cm from the disk, which has a radius of 10 cm, and emits the gamma-ray line energies of Table II , but each with a strength of 1 s -1 . The material between the point source and the disk is SS 304. Analytic values for the surface flux, surface current, and volume flux are compared with MCNP values using the NOTRN capability and values using the FT special tally treatment in Table IV, Table V, and Table VI , respectively. The two MCNP calculations used 4 × 10 8 source photons. Both the NOTRN and the FT capabilities match the analytic results, but the NOTRN capability does so with uncertainties that are 4 to 58 times smaller for the surface tallies and 1.5 times smaller for the volume tallies. The NOTRN calculation was also faster by a factor of 2.5. The second problem is a 10-kg sphere of HEU (radius of 5. 03169067346416 cm) enclosed tightly in an SS 304 shell of outer radius 7 cm. Reference values of the total flux in the HEU and SS, the current flowing from the HEU into the SS, and the current leaking from the system were computed with the PARTISN multigroup discrete-ordinates transport code 9 with S 64 quadrature. These are compared with MCNP values using the NOTRN capability and values using the FT special tally treatment in Table VII, Table VIII, Table IX, and Table X , respectively, where differences are reported with respect to the PARTISN results. The two MCNP calculations used 4 × 10 8 source photons. Both the NOTRN and the FT capabilities match the PARTISN results, but the NOTRN capability does so with uncertainties that are 1.4 to 7 times smaller for the surface tallies and 1.5 to 2 times smaller for the volume tallies. The NOTRN calculation was also a factor of 1.6 faster. This problem verifies that the method of Sec. II works even when the tally cell is a source cell. 
The spherical test problem was also done with a ring detector at a radius of 100 cm. The reference result was obtained with a one-dimensional deterministic ray-tracing code. 3 MCNP results were obtained with the NOTRN and FT capabilities, as before. Results are compared in Table XI . Clearly, the FT capability is not the best way to compute the uncollided point detector flux; after all, that is what the NOTRN capability is for! The results are almost exactly the same, however, and the NOTRN calculation was also a factor of 3.3 faster. This problem included all the surface and cell tallies presented above, demonstrating that uncollided surface and cell tallies do not interfere with uncollided point detector tallies. It was also verified that uncollided point detector fluxes are exactly the same when there are surface and cell tallies as when there are not. 
V. Modifications
Six source files were modified. Briefly, the files that were modified are:
newcrd.F90: issue a fatal error if notrn = 1 and there is an F8 tally. itally.F90: issue a fatal error if notrn = 1 and there is a mesh tally; if notrn = 1 and any tally is type 1, 2, 4, 6, or 7, reset notrn to 3.
trnspt.F90: set nter = all_pars_loss_escape for notrn = 1, not notrn ≠ 0. hstory.F90: call expirx for zero or negative weight only if notrn = 0; for notrn = 3, set the track length to be the distance to the next surface, dls; for notrn = 3, before making cell tallies, set the track length to be
, and after making cell tallies, reset the track length to dls; for notrn = 3, before processing through a cell boundary, accrue the attenuated weight to capture in the summary tables and reset the weight to The modified code passes the MCNP6 regression test set. The capability has been tested and works in continue runs. This capability is flagged internally with notrn = 3 instead of the more obvious notrn = 2 so that it can be integrated with the LINES capability, 4 which already uses notrn = 2.
A complete listing of the Unix diffs between the modified subroutines and the original, unmodified subroutines from the initial release of MCNP6 follows. These changes can easily be made in earlier versions of MCNP. 
VI. Summary and Conclusions
The MCNP "no transport" or NOTRN capability has been extended to allow uncollided flux and current tallies on surfaces and uncollided flux tallies in cells. The user interface is the same as in the standard capability. This capability is much more efficient than the "tally by collision" special tally treatment (FT INC) for computing uncollided quantities.
No other production Monte Carlo code that is generally available (KENO, MONACO, Mercury, MCBEND, and MONK were examined [10] [11] [12] ) has this capability.
The capability should be extended further to work with mesh tallies.
The extended NOTRN capability has been integrated with the LINES capability 4 (for surface and volume integrals of uncollided adjoint fluxes and forward-adjoint flux products) and the surface-flux tally enhancements 8, 13 in the MCNP6 initial release 5 (MCNP6_Beta1). The thread version of the code with all of these features is MCNP6_IR_notrn2_5.
